Abstract
Methods
To examine the ecological impacts of grazing in Deqin County, northwest Yunnan and assess its long-term sustainability, we used county records to determine historical population and livestock numbers, confirmed the results of interviews by Haynes (2011) and surveyed plant species richness and cover along a grazing gradient extending away from herder huts. along these transects, we sampled 1 m 2 quadrats at 5 m intervals, noting species present and percent cover for vascular plants, grasses, sedges, rushes, moss, lichen, exposed rock, bare ground and feces. We also measured the average and maximum plant height within each quadrat. We then computed species richness for each of the 38 transects, calculating alpha and beta diversities. We used one-way aNoVas to compare mean species richness values and average and maximum plant height across grazing intensities. To chart changes in composition along the 100m gradient, we also plotted the percent cover of graminoid, forb, shrub and bare ground versus distance from the hut. We applied Nms ordination to relate community patterns to environmental variables and grazing intensity using distances to determine species groupings.
Important Findings livestock impacts are clearly evident with proportions of grass and bare ground decreasing, shrubs increasing and forbs maintaining even cover with increasing distance from the huts. in comparison with earlier surveys of sites farther from huts, we found reduced plant cover and diversity. Plant species richness almost doubles with increasing distance from herder huts from 9.9 to 19.3 species per 1 m 2 quadrat. an ordination of species and environmental variables demonstrates that grazing strongly affects plant community com position across these plots with strong impacts on palatable plants. if herd sizes remain large and suitable areas for grazing continue to decline, the cumulative impacts of grazing appear likely to degrade the rich diversity of the region and reduce rangeland quality, threatening its ability to sustain current grazing levels. iNTroDuCTioN One-half of the world's population depends on mountain resources and one-fifth lives in mountains. Most of the people living above 2500 m are below the poverty line yet their use of resources strongly affects the availability of water for lowland populations (Körner et al. 2005) . In particular, properly designed and maintained terraced cropland and lightly grazed grasslands appear important for maintaining balanced runoff regimes.
Grazing is intensifying in many parts of the world and diminishing in other parts as populations shift and societies move towards other sources of income (Körner et al. 2005) . In Southwest China, both types of change are occurring as villages sell their livestock for jobs or tourism activities, or increase as other villages continue to acquire and herd livestock (Yi et al. 2007) . We sought to assess the impacts of grazing on alpine meadows in the most diverse communities of an international biodiversity hotspot to determine if overgrazing is threatening plant species richness and cover. After presenting more background, we pose specific objectives for our study below.
Background
The Himalayas sweep across the Tibetan Plateau and at their eastern edge turn to run north-south, composing the Hengduan Mountains (Fig. 1) . Three parallel rivers create extreme elevational gradients from 6740 m at the highest peak to below 2000 m in the valleys, at one point running within 100 m of each other (YGRPPT 2002) . The upper Yangtze (Jinsha), Mekong (Lancang) and Salween (Nu) rivers provide water to southern China and southeast Asia, cutting across the landscape designated by UNESCO as the Three Parallel Rivers World Heritage Site. The monsoonal climate is marked by wet summers (June-September) and dry winters, and the mean annual temperature above 4100 m is below 0ºC (Sherman et al. 2007; YGRPPT 2002) .
Located within IUCN's international biodiversity hotspot, the mountains of Southwest China, northwest Yunnan are home to a remarkable flora and fauna (Mittermeier et al. 1999) . Alpine meadows exhibit remarkable herb species richness and biodiversity (Salick et al. 2004) . More than 2 000 species are used in traditional medicine (Xu and Wilkes 2004) . The meadows are dominated by Polygonum viviparum, Potentilla fulgens, Fragaria nilgeerensis, Anemone narcissiflorioides, Cyananthus flavus and Festuca ovina, with less common Pedicularis dolichoglossa, Viola szetchuanensis, Agrostis limprichtii and Primula spp. but exhibit significant variation depending on local environmental factors (Li and Walker 1986) . Other studies have also noted the high beta diversity in the area with many rare and endemic plant species (Salick et al. 2004) . Sherman et al. (2007) characterized species richness (total = 235 species) of alpine systems across northwest Yunnan and found significant variation in species composition among sites, with low species overlap among 31 meadow communities (β-diversity of 7.1). This led The Nature Conservancy to rank alpine meadows as the highest priority for conservation and to recommend that alpine ecosystems across NW Yunnan be protected in entirety to maintain their floristic diversity (Ma et al. 2007 ). Serving as the headwaters for the three parallel rivers, these meadows play a role in regulating the water supply for over a billion people. Vegetation change from meadows to shrublands could reduce water tables and lead to increased runoff (Euskirchen et al. 2009 ).
The Diqing Tibetan Autonomous Region in northwest Yunnan contains Weixi, Shangri-la and Deqin Counties. Deqin County sits in the far upper portion of northwest Yunnan and is predominately Tibetan in ethnicity, language and culture (Litzinger 2004) . Tibetan livelihoods are classified as agropastoral transhumance, a combination of farming and herding with livestock movement across elevations (Yi et al. 2007) . Yak (Bos grunniens) husbandry across the Tibetan Plateau is 4500 years old, with the wild yak tamed by the Qiang people beginning 10 000 ybp (Weiner et al. 2003) . Sometimes referred to as 'the boat of the plateau', yaks serve a key role in Tibetan livelihoods and traditions (Ma 2003) . About 1.3 million yaks are marketed in China annually but many more are raised as 40% of meat, 60% of milk and 80% of the fibre are consumed by herder families (Guo and Chen 1996) . Of >13 million yak in China, about 15% are hybrids with the local type of cattle, Bos taurus (Weiner et al. 2003) .
Policy changes beginning in 1951 in Tibetan areas led to an increase of livestock from roughly 4.5 to 21 million animals in 1996 with subsequent impacts on these rangelands (Tsundue 1999) . Traditionally, a dual-structured leadership regime included clan chiefs and elders along with local monasteries making decisions on places and times to herd livestock (Yeh 2003) . The communes established during the period of collectivization are blamed for much of the overgrazing, as they replaced traditional systems of stocking and seasonal movement (Wu and Richard 1999) . Chinese authorities believe economic development requires settlement of nomads and is enforcing transition to modern livestock production systems (Wu and Richard 1999) . Techniques such as fencing, fodder cultivation and privatization of rangelands are encouraged and are being implemented in patches across western China (Miller 1999) . Cai and Min (2003) found that fencing decreased rangeland health. Thus, privatization and implementing 'modern scientific methods' may actually be degrading these rangelands. Over centuries of livestock herding, Tibetans have gathered significant knowledge about the plants and other environmental indicators such as water availability and wild animals (Ma 2003) . However, government incentives to 'Develop the West' and increase economic productivity of the rangelands stands in conflict with traditional management practices (Miller 1999) .
Yak and cattle populations in Deqin County increased by 17% between 1986 and 1998 (Bao and Wu 2003) . Although the area used for rangeland also increased over this time, total meat and dairy outputs decreased, both in raw totals and as a percentage (Bao and Wu 2003) . These reductions in productivity potentially reflect degradation of alpine and sub-alpine meadows used for grazing (Bao et al. 2001) . Because livestock gain from 70-90% of their weight during the summer grazing season, maintaining suitable forage is a high priority.
Recent work suggests that pressure from grazing has decreased in the past decade raising questions regarding degradation of alpine rangelands (Yi et al. 2007) . Alpine shrublands, dominated by Juniperus and dwarf Rhododendron, in some places are replacing the alpine meadow mosaic (Li and Walker 1986 ). Moseley (2006) calculated shrub encroachment at 8.5 m/decade, attributing this to fire suppression and global climate change. Tibetans have used fire as a traditional management practice to burn back woody shrub growth in alpine rangelands (Baker and Moseley 2007) . Since 1988, use of fire has been suppressed, reducing this mechanism for stimulating forage production (Xu and Melick 2007) .
In this study, we particularly sought to determine: (i) Are alpine rangelands in Deqin County overgrazed and degraded? (ii) What are the local impacts of grazing on plant diversity and community composition? And (iii) which environmental variables covary with differences in species composition across the grazing gradient? maTErials aND mETHoDs
Study sites
We collected environmental, vegetation and household data in the summer and fall of 2007 at Adong, Meilishi and Baima pass (Fig. 1) . These three areas capture a broad range of variation in management regimes across northwest Yunnan, as well as the degree of control the local Tibetans have over their rangelands. Decisions regarding grazing locations and times are made predominately at the village level, with village leadership designating the dates to rotate each season (Ma 2003) . Some grazing rights rotate among members of a village or small group, while others are allotted by household (Haynes 2011) .
Adong administrative village (Jiawu Snow Mountains) lies to the north of Deqin County seat and is divided into three villages, Xia Adong, Ah den dong and Pu ah. The alpine rangelands where these villagers herd are considered among the most remote and pristine in northwest Yunnan. There is no current or planned protection from development in place.
Meilishi (Meili Snow Mountains), lying to the west of the Mekong River, is a small village on a traditional pilgrimage route across the Meili mountains. Kawa Karpo, the summit, is one of the sacred mountains in Tibetan Buddhism ). This area is near the site of a proposed conservation/ tourism development area (National Park) with The Nature Conservancy (Anderson et al. 2005) . Villagers are shifting away from herding to increase agricultural production, resulting in reduced herd sizes.
Baima pass (Baima Snow Mountain) lies within Baima Nature Reserve (established in 1988, covering 281 630 km 2 , primarily to protect the Yunnan snub-nosed monkey,
Rhinopithecus bieti).
Villagers are limited in resource extraction due to reserve policies. They rotate herding locations annually according to prescribed agreement. Sites along the roadside provide immediate access to markets of dairy products to tourists.
Vegetation and environmental measurement
We first searched Deqin county official statistical records to determine historical population and livestock numbers. We also utilized the results of interviews by Haynes (2011) .
To provide a baseline and point for comparison, we used data from an initial assessment of alpine communities made by Sherman et al. (2007) . They stratified alpine ecosystems and randomly sampled within three community types (alpine meadow, alpine shrubland and alpine scree) from June through October 2005, placing 1 m 2 quadrats at 5 m intervals along 50 m transects in 31 meadow and 40 shrub sites. They recorded species and percent cover in nine cover classes for vascular plants, and percent cover for grasses, exposed rock and bare ground in each quad along with environmental data for each site (elevation, aspect, longitude, and latitude- Sherman et al. 2008) . Species richness ranged from 19-105 species per site. Cluster analysis tended to cluster sites according to area, grouping Adong, Meilishi and Baima pass together. These three areas also exhibited the highest species richness and number of endemics among the 21 areas sampled (Sherman et al. 2007 ).
In July through September 2007, we resampled grazed alpine areas at 1 site at Adong, 1 site at Meilishi, and 5 sites at Baima pass. At each site, we established 4 transects by extending 2 100 m measuring tapes in divergent directions out from the herder huts, dividing each in half to represent high (1-50 m) and moderate intensity (51-100 m) grazing We used similar methods to Sherman et al. (2007; 2008) to ensure comparability. We recorded the locations for each plot using a GPS unit, noting elevation, aspect and direction for each transect. Along these transects, we sampled 1 m 2 quadrats at 5 m intervals, noting species present and percent cover for vascular plants, grasses, sedges, rushes, moss, lichen, exposed rock, bare ground and feces. We also measured the average and maximum plant height within each quadrat. Species were each described in the field, given an identification number and collected for later identification assisted by staff of the Alpine Botanical Garden in Shangri-la Yunnan. Sherman et al. (2007) sampled 2 sites in Adong, 2 sites in Meilishi and 1 site in Baima pass, placing 2 transects at each site providing a total of 10 transects. All of these occurred in low grazing intensity zones several hundred meters from any herder hut providing a basis for comparisons to our 14 high and 14 medium grazing intensity transects. Together, this provided 38 transects in all, each based on 10 quadrats.
Data analysis
We first computed species accumulation curves for each site based on all quadrats using Estimate S software (Colwell 2005) . We then computed species richness for each of the 38 transects, calculating alpha diversity in terms of both simple species numbers (richness) and the exponential of H', the Shannon-Wiener diversity index. The latter estimates the number of equally abundant species that would provide a diversity equivalent to what was observed in the sample (Jost et al. 2011) . Following Jost (2006) , we estimate beta diversity by dividing total (gamma) diversity by mean local (alpha) diversity (both in terms of exp H') to obtain a value equivalent to the number of distinct communities present across sites.
We used one-way ANOVAs to compare mean species richness values and average and maximum plant height across grazing intensities. To chart changes in composition along the 100m gradient, we also plotted the percent cover of graminoid, forb, shrub and bare ground versus distance from the hut. Grasses, sedges and rushes were included in the graminoid category for this analysis, termed simply 'grass'.
We applied NMS ordination to relate community patterns to environmental variables and grazing intensity using distances to determine species groupings (Clarke 1993 ) using PC-ORD 5.21 (McCune and Mefford 1999) . To do this, we totaled percent cover per transect for each of the 231 species and applied a log transformation to the percent cover totals to compress the high values and expand the low values (McCune and Grace 2002). We used the Sørensen (Bray-Curtis) distance measure to calculate dissimilarity in species composition among transects in the main matrix. Landscape parameters used in the second matrix included UTM-Northing, UTMEasting, elevation, aspect, species richness, percent cover of bare ground, percent cover of rock, percent cover of grass and total plant cover. We used a randomization (Monte Carlo) test to confirm that the NMS axes extracted were highly significant, stable and ensure levels of stress were below those attributed to randomization (McCune and Grace 2002). The resulting axes were then correlated with species and landscape parameters to determine associations and the percentage of variation explained by environmental factors. We calculated MRPP to test the hypothesis of no difference between grazing intensities using the Sørensen (Bray-Curtis) distance measure (Mielke 1984; Mielke and Berry 2001; Zimmerman et al. 1985) .
rEsulTs
We identified 142 species from 39 families in our 7 meadow sites. The 5 meadow sites sampled by Sherman et al. (2007) contained 124 species from 33 families. An overlap of 35 species from 20 families were identified in Sherman et al. (2007) and our sampling. A combined total of 231 species from 45 families were included in the analyses, of which 86 species were located in only 1 transect and 44 species were found in 2 transects. Species accumulation curves began to reach an asymptote by 35 quadrats for Adong, (Fig. 3) while Baima pass and Meilishi showed higher species richness so more area needed to be sampled. Local (α) diversity averaged 31.4 species per transect in terms of species richness or 19.9 (exp H') equally abundant species. We estimate beta diversity as 3.3 equivalent communities among these 38 transects.
Species diversity declined with increased grazing intensity as inferred by distance from the herder huts. The Sherman et al. (2007) distant transects averaged 19.3 species per 1 m 2 quadrat compared to 11.5 species at the moderate intensity (51-100 m from hut) transects and 9.9 species at the high intensity (1-50 m from hut) transects. The one-way ANOVA revealed all these differences in means to be highly significant (P<0.005, Tukey-Kramer HSD; Fig. 4) .
The cover of bare ground increased from 1.5% at the lowest level of grazing to 12.4% at high grazing intensities (7.2% at moderate). The percent cover of feces also increased from 2.5% to 5.8% in going from moderate to high grazing intensity (Sherman et al. 2007 did not measure feces cover). Maximum plant height also declined (from 19.8 ± 10.5 cm to 12.8 ± 3.7 cm, n = 28, Tukey-Kramer HSD P = 0.03), as did average plant height (6-4.1 cm, P = 0.09). There was no significant difference in total cover among grazing intensities.
The cover of grass, forbs and shrubs also changed over the grazing gradient with grasses increasing and shrubs declining towards the huts (Fig. 5) . Forbs remained relatively stable. (We did not compare beyond 100m as Sherman selected against shrub areas in sampling meadows.) The cover of shrubs increased from 0% at 5 m from the huts to 15% at 100 m whereas the proportion of grasses decreased from 48% at 5 m to 30% at 100 m. Even areas with a high percent cover of grasses remained forb-dominated, with just over 51% forbs.
Community differences as revealed by the NMS ordination also showed clear patterns with respect to grazing intensity cover. Sites with low grazing intensity clustered to the right on Axis 1, along with species richness, elevation and aspect parameters ( Fig. 6 ; correlations with main and secondary matrices see online supplementary Tables S1 and S2 ). Moderate and high grazing intensity sites spread towards the left on Axis 1, along with percent grass and bare ground parameters. Axis 1 revealed a dramatic difference between the low (>100 m from hut) and medium to high (0-100 m from hut) grazing intensity transects. Variation in % rock cover and latitude and longitude were important but emerged primarily as components of Axis 2. This axis served to differentiate many of the moderate and high grazing intensity transects that appeared more variable in composition than the transects far from herder huts. The top four points along the y-axis were located at Meilishi, west of the other sites and across the Mekong river with a high cover of rocks (3.4%).
The transects within 100 m of the herder huts particularly spread out along Axis 2. This axis explained 32.8% of the variation and was positively correlated with percent rock (r 2 =0.339) and UTM-Northing (r 2 =0.306) and negatively correlated with UTM-Easting (r 2 =0.446). Axis 3 accounted for 16.6% of the variation and was negatively correlated with percent grass (r 2 =0.258) and UTM-Northing (r 2 =0.257).
The final 3-dimensional solution is remarkably complete, explaining 89.4% of the variation with a final stress of 8.6 and instability of <0.0001 after 66 iterations (50 runs with real ). One-way ANOVA comparison of means using Tukey-Kramer HSD showed significant difference between low and medium, and low and high grazing intensities (P<0.0001).
Comparison of levels using Tukey-Kramer HSD showed significant difference between all levels (P<0.005). Boxplots show inter-quartile range and median. data using a random starting configuration). This level of stress was far below random expectations (P = 0.004, Monte Carlo simulations). Using that output as the starting coordinates for a final NMS with one run of real data and 249 randomizations gave the same stress. The MRPP showed the groups occupy significantly different regions of species space grouped by grazing intensity (T = −16.5), with chance-corrected within-group agreement A = 0.25, and P < 0.001.
DisCussioN
Although physical site characteristics like elevation, aspect and geographic location clearly affect community composition, the intensity of grazing is strongly affecting both species diversity and community composition at these sites. This was evident in the direct analyses of how the grazing gradient affected dependent variables like maximum height, species richness and the cover of grass and bare ground (Figs. 4 and 5) . However, it was also evident in the results of the NMS ordination, which revealed a strong indirect grazing gradient associated with species richness and the cover of bare ground and grass among sites along the primary axis of differentiation ( Fig. 6 ; see online supplementary Table S2 ) and confirmed by the MRRR difference in species space by grazing intensity. Some key indicators of rangeland degradation include (i) declines in yield/rangeland unit; (ii) decreases in vegetation cover and height; (iii) increases in percentage of noxious plants and weeds; and (iv) changes in structure of grass species (Sheehy et al. 2006) . Without a historical record of rangeland productivity, we cannot precisely quantify if differences in yield exist. However, herders described reduced dairy outputs and smaller livestock (Haynes 2011) . This could reflect decreases in vegetative yield and/or inbreeding (Weiner et al. 2003) . They also describe reductions in the amount and height of vegetation in the alpine meadows compared to 20 years ago.
Species negatively correlated with Axis 1 (see online supplementary Table S1 Sherman et al. (2008) reported average bare ground of < 2% for sites from huts. Increases in bare ground are often precipitated by overgrazing and cause erosion (Hall et al. 1999) .
Global change and shrubland conversion
Invading shrubs also appear to be playing a role in shrinking grasslands and reducing dairy outputs and yak health. These interactions are explored in a related study (Brandt et al. 2013 ) . The shrub invaders include Rhododendron spp., Juniperus spp., Berberis spp., Potentilla fruticosa and P. glabra. Of these, Rhododendron is noxious, Juniperus has scale-and needle-like leaves and contains volatiles, and Berberis has sharp spines 1.5-3.5cm in length (Ying et al. 2011) . Only P. fruticosa and P. glabra are grazed by yaks, and then not preferentially due to their woody stems with peeling bark. Additionally, as shown in global studies, changes in climate including shifts in seasonality of precipitation and increases in winter lows may favor shrubs or other less palatable species (Walther et al. 2005; Yu et al. 2010) , exacerbating the effect of already high stocking rates. These studies complement this one by quantitatively assessing shrub invasions (not the focus of this study) and linking these to changes in climate and stocking levels.
Historic and anticipated grazing pressure
The winter pastures below treeline and closer to the villages experience heavier grazing pressure than the alpine meadows we studied. These pressures will increase as herd sizes increase while land remains limited (Yi et al. 2007 ). Household labor shortages are likely to cause villagers to search for more nearby grazing options (Buntaine et al. 2007) . Villages that shift to tourism for revenue often replace their yaks and cows with horses that are again herded nearer to the village. Although not documented yet in this region, European studies show that abandoning the alpine meadows altogether may also favor an increase in grasses that could suppress the forbs and legumes (Eler et al. 2005) . These trends suggest that we should monitor these areas closely and assess how they may be transitioning in new ways that could limit the future potential for herding. We regret that we could not measure the area impacted by grazing in relation to the area of alpine meadows, thus we recommend subsequent research to estimate the overall proportions of the meadows that are heavily disturbed, moderately disturbed and recently removed from grazing disturbance. This important and biodiverse region plays a crucial role in the livelihood of Tibetan yak herders (Guo and Chen 1996; Xu and Wilkes 2004) . We recommend further research on recent shifts in herd size, herding practices and adaptive mechanisms to reduce shrub encroachment. Brandt et al. (2013) assesses shrub encroachment at the landscape scale, investigating the interactions between grazing, climate and land use factors. If herd sizes remain large and suitable areas for grazing continue to decline, the cumulative impacts of grazing appear likely to degrade the rich diversity of the region and reduce rangeland quality, threatening its ability to sustain current grazing levels.
suPPlEmENTarY maTErial
Supplementary material is available at Journal of Plant Ecology online.
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